Calcium-bound phosphoryl oligosaccharides (POsCa) were prepared from potato starch. Their solubility and in situ absorbability as a calcium source were investigated by comparing with the soluble calcium compounds, calcium chloride and calcium lactate, or insoluble calcium compounds, calcium carbonate and dibasic calcium phosphate. The solubility of POs-Ca was as high as that of calcium chloride and about 3-fold higher than that of calcium lactate. An in situ experiment showed that the intestinal calcium absorption rate of POs-Ca was almost comparable with that of the soluble calcium compounds, and was signiˆcantly higher ( pº0.05) than that of the insoluble calcium groups. Moreover, the total absorption rate of a 1:1 mixture of the calcium from POs-Ca and a whey mineral complex (WMC) was signiˆcantly higher ( pº0.05) than that of WMC alone. These results suggest that POs-Ca would be a useful soluble calcium source with relatively high absorption in the intestinal tract.
It is generally recognized that the absorbability of calcium is substantially dependent on its solubility in an aqueous solution, [2] [3] [4] because calcium will be absorbed in its free or ionized form in the intestine. 5) A number of studies in recent years have reported on attempts to improve the bioavailability of calcium by the addition of such compounds as citric acid, 6) casein phosphopeptides (CPP), 7) or by use of highly soluble salts such as calcium gluconate. 8) Phosphoryl oligosaccharides (POs) are prepared from enzymatic hydrolysate of potato starch. 9 ) Potato amylopectin contains 200-1,000 ppm of the ester phosphorus. 10) Takeda and Hizukuri 11) have reported that the phosphate groups were located mostly in the B-chain of amylopectin. About 60z to 70z of the phosphate groups were bound to C-6 of the glucosyl residues, with almost all the rest being at C-3.
12) The detailed structures of the PO-1 fraction, which is the main component of POs and has one phosphate group in each molecule, have been analyzed 13) as shown in Fig. 1 . The average degree of polymerization of the PO-1 fraction was 4.02. The POs were a mixture of mono-and di-phosphoryl a-1,4-linked maltooligosaccharides. POs have an inhibitory eŠect on the formation of a calcium-phosphate precipitate 9) as well as CPP. 14) Calcium-bound phosphoryl oligosaccharides (POs-Ca) form a complex consisting of POs and calcium. 15) POs-Ca contain about 5z calcium and can be expected to be a useful calcium supplement because of its high solubility in water.
The purpose of this study was to evaluate the solubility and absorbability of POs-Ca as a calcium source in comparison with the soluble calcium sources, calcium chloride and calcium lactate, and with the insoluble calcium sources, calcium carbonate and dibasic calcium phosphate. We also investigated whether the total calcium absorption would be increased at the ligated loop when mixed POs-Ca and a whey mineral complex, which is widely used as a calcium source in various foods or drinks, were substituted for POs-Ca in the test solution.
Materials and Methods
Chemicals. POs-Ca were prepared from potato starch by using bacterial liquefying a-amylase,  glucosyl residue,  reducing glucosyl residue, 3P phosphate group bound at C-3 position of the glucosyl residue, 6P calcium-binding phosphate group bound at C-6 position of the glucosyl residue. glucoamylase and pullulanase as described previously. 9, 15) The calcium content of POs-Ca was 5z. Calcium chloride, calcium lactate, calcium carbonate and dibasic calcium phosphate were purchased from Wako Pure Chemical Industries (Osaka, Japan). Whey mineral complex (WMC, 22z calcium content) was kindly gifted from Kyodo Milk Industry Co. (Tokyo, Japan). All other chemicals and materials were of analytical or commercial grade.
Animals. All animals were maintained according to the guideline for the care and use of laboratory animals of Ezaki Glico Co., Ltd. Male Wistar rats (Japan SLC, Shizuoka, Japan) weighing 240-260 g were housed in individual wire cages in a temperature-controlled (23±29 C) room with 55±7z humidity and a 12-h light-dark cycle, with free access to deionized water and a standard MF diet (Oriental Yeast, Tokyo, Japan).
Calcium solubility test. The solubility of each calcium compound was measured by the method of Tsugawa et al. 4) with a slight modiˆcation. Each calcium compound (25 mg W ml as calcium) was mixed into the solutions at 309 C and kept for 30 min while vigorously shaking for 30 s each time at 5-min inter- Calcium absorbability test by the rat ligated jejunum loop. Experiment 1. Time-course characteristics of calcium absorption from POs-Ca. Calcium absorption from POs-Ca was measured by changing the time after injecting the POs-Ca solution. Twenty-four rats were divided into six groups (n＝4) after being acclimatized. After a longitudinal abdominal incision under anesthesia with pentobarbital, the contents remaining in the upper intestine were washed out with saline (9 g W l NaCl) according to the method of Gunshin et al. 16) The intestine was then ligated approximately 5 cm and 15 cm distal to the end of the ligament of Treitz, and 0.4 ml of a 16 mg W ml POs-Ca solution (0.8 mg W ml as calcium) was injected into the ligated loop. The loops of one group were immediately removed as the zero time control, and those of the remainingˆve groups were removed 0.25, 0.5, 1, 2 or 3 h after injection. The contents of each loop were ‰ushed out with 5.0 ml of 0.05 N HCl, and each sample wasˆlled up to 6.0 ml with 0.05 N HCl. The amount of calcium in a ‰ushed-out sample was measured by the OCPC method. The calcium absorption (z) was calculated as follows:
A is the average calcium concentration (mg W ml) in the loop of the control rats which had been removed at zero time and B is the residual calcium concentration (mg W ml) in the loop of rats at each time. The amount of residual POs-Ca in the loop was measured by the phenol-sulfuric acid method.
17)
Experiment 2. Comparison of the calcium absorbability. The composition of each test solution (0.8 mg W ml as calcium) is given in Table 1 . Each test solution, except for POs-Ca group, contained 1.24z of high-maltotetraose syrup (TETRUP } -H, Hayashibara Biochemical Laboratories Inc., Okayama, Japan), since the test solution of the POsCa group contained 1.24z of maltooligosaccharides.
In both the comparative experiments, thirty-six rats were divided into three groups (n＝12) after having been acclimatized. The method of loop preparation and the injection volume of each test solution was the same as that in experiment 1. For each group, the loops of four rats were immediately removed as The total calcium concentration of each solution was adjusted to 0.8 mg W ml. The total calcium concentration of each solution was adjusted to 25 mg W ml. Soluble calcium was measured by the OCPC method.
the zero time control (control rats), and those of the remaining eight rats were removed 2 h after the injection (test rats). The calcium absorption (z) was calculated in the same way as that described for experiment 1. Experiment 3. Comparison of the calcium absorbability with the combined use of a whey mineral complex (WMC) and POs-Ca. The composition of each solution is given in Table 2 . The total calcium content of each test solution wasˆxed at 1.2 mg W ml, and the ratio of calcium from WMC to POs-Ca in the test solution was adjusted to that of WMC alone (1.2:0 mg W ml), 2:1 (0.8:0.4 mg W ml) or 1:1 (0.6: 0.6 mg W ml). Thirty-six rats were divided into three groups (n＝12) after having been acclimatized. The numbers of the control and test rats in each group and the experimental method were the same as those described for experiment 2.
Data analysis. The results were subjected to oneway analysis of variance with Fisher's PLSD post hoc test. DiŠerences in mean values between the groups were considered signiˆcant at pº0.05.
Results

Calcium solubility
The solubility of each calcium compound in distilled water and several buŠer solutions is shown in Table 3 . POs-Ca showed high solubility like that of calcium chloride in the absence or presence of phosphate in a wide pH range. The solubility of calcium Each value is the mean±SD (n＝4). The amount of POs-Ca was measured by phenol-sulfuric acid method. The amount the residual POs-Ca in the rat ligated jejunum loop at zero time is designated as 100z. lactate, which is also a soluble calcium compound, was about one-third that of POs-Ca. Calcium carbonate was relatively highly soluble in the acetate buŠer (pH 4.5) among the test solutions, but was hardly dissolved in the other buŠers, like dibasic calcium phosphate. The solubility of dibasic calcium phosphate was extremely low (0.39 mg Ca W ml) even in the acetate buŠer (pH 4.5). Figure 2 shows the time-course characteristics for calcium absorption from POs-Ca and residual POsCa in the ligated jejunum loop. The calcium absorption rate had almost reached a plateau 2 h after injecting the POs-Ca solution, so the loop was removed 2 h after injecting the test solution in subsequent experiments 2 and 3. The residual amount of POs-Ca in the loop time-dependently decreased, and less than 20z of POs-Ca was left in the loop 2 h after its injection.
Calcium absorbability Experiment 1
Experiment 2 A comparison of the calcium absorption rates in the ligated jejunum loop between POs-Ca and the soluble calcium compounds is shown in Fig. 3a . The calcium absorption rates of the three groups were all approximately 60z, so the intestinal calcium absorption rate of the POs-Ca group was almost comparable with that of the soluble calcium groups. However, as shown in Fig. 3b , the calcium absorption rate of POs-Ca was signiˆcantly higher ( pº0.05) than that of the insoluble calcium compounds.
The calcium solubility of the test solutions was measured by the OCPC method. As shown in Table 4 , the calcium in the POs-Ca, calcium chloride and calcium lactate groups was reasonably soluble, but that in the calcium carbonate and dibasic calcium phosphate groups was insoluble.
Experiment 3
When part of the whey mineral complex (WMC) was substituted for POs-Ca in the test solution, the total calcium absorption rate in the ligated jejunum loop increased with increasing of calcium from POsCa (Fig. 4) . The calcium absorption rate of the group with a calcium ratio of 1:1 in the test solution was signiˆcantly higher ( pº0.05) than that of the WMC group. The percentage of soluble calcium in the test solution of the group with a calcium ratio of 1:1 was 48z, whereas that of the WMC group was as low as 4z. Each value is the mean±SD (n＝8). The total calcium concentration of each test solution was adjusted to 1.2 mg W ml by varying the ratio of calcium from WMC and POs-Ca. *Signiˆcantly diŠerent ( pº0.05) from the WMC group. In Situ Absorbability of Calcium from POs-Ca in the Rat Jejunum Loop
Discussion
The calcium solubility experiment demonstrated that the solubility of POs-Ca was very high and comparable with that of calcium chloride over a wide pH range and even in the presence of phosphate. This result suggests that most of the calcium from POs-Ca would remain soluble in the small intestine when POs-Ca is ingested by humans.
The calcium absorbability experiment demonstrated that the absorption of calcium from POs-Ca in the rat ligated jejunum loop was almost comparable to that from the soluble calcium compounds (calcium chloride and calcium lactate) and signiˆcantly higher than that from the insoluble calcium compounds (calcium carbonate and dibasic calcium phosphate).
It is generally considered that calcium must be in a soluble and ionized form to be absorbed from the intestine. Therefore, the amount of calcium absorbed from a calcium compound would depend on its solubility. Although the relationship between calcium solubility and absorbability is not yet clear, it is true that at least some of the orally ingested calcium would be dissolved in gastric acid. Moreover, the absorption of calcium does not take place from the stomach, but from the small intestine, and mainly from the jejunum and ileum, where the pH value is commonly above 6.5. 1, 3) There might be some hypoabsorption of calcium in the elderly because of the known increase in the prevalence of achlorhydria with age. The solubility and absorbability of calcium chloride were the same as those of POs-Ca, but calcium chloride is a relatively inferior calcium source because it irritates the gastrointestinal membrane.
4)
Recker 18) has found no diŠerence in calcium absorption between calcium citrate and calcium carbonate by normal subjects, but a large diŠerence in patients with achlorhydria. Thus, it is suggested that the high solubility of POs-Ca throughout the acidic, neutral and alkaline pH ranges would be advantageous for calcium absorption by the elderly and W or by patients with achlorhydria.
Partial substitution by POs-Ca for the whey mineral complex (WMC) in the test solution elevated the total calcium absorption when the total calcium concentration of each test solution was equal to 1.2 mg W ml. It might be thought that the increase in the ratio of soluble calcium in the test solution resulted in the elevation of total calcium absorption. It is thus suggested that the increase in the ratio of soluble calcium in foods and in the intestinal tract would enhance the total calcium absorption. WMC is added as a calcium source to many kinds of processed food, especially to dairy products such as milk beverages and ice cream, due to its favorable ‰avor and image of being manufactured from milk, although its solubility is relatively low (about 4z). Thus, the addition of POs-Ca to foods and drinks containing WMC or other insoluble calcium sources for the purpose of calcium fortiˆcation would be helpful to elevate the total absorption of calcium from them.
Phosphorylated guar gum hydrolysate (P-GGH), 19) which was a diŠerent type of phosphorylated oligosaccharide, inhibited the formation of a calcium-phosphate precipitate and increased the calcium absorption in vivo. P-GGH was prepared by chemically introducing phosphate residues into a partial hydrolysate of guar gum. In contrast to P-GGH, POs-Ca can be easily prepared from the enzymatic hydrolysate of potato starch. Although the eŠect of POs-Ca on calcium absorption in vivo is not obvious at present, it is most likely that POs-Ca would increase the calcium absorption in vivo because POsCa also has phosphate groups in its structure ( Fig. 1) , forming a soluble complex with calcium similar to P-GGH or CPP. In our experiment on the oral administration of POs-Ca to rats, the plasma glucose response was similar to that of high-maltotetraose syrup that has a similar composition of maltooligosaccharides and is without phosphate groups, suggesting that POs-Ca is digested and absorbed in the small intestine. 15) Therefore, it can be expected that POs-Ca would not cause acute diarrhea unlike other indigestible oligosaccharides, even by human ingestion by a large amount of POs-Ca at one time.
In summary, the in vitro solubility of POs-Ca was the same as that of calcium chloride, and the in situ Ca absorbability of POs-Ca was the same as that of calcium chloride and calcium lactate. As a calcium supplement for various foods, especially for beverages, POs-Ca would be a favorable soluble calcium source with relatively high absorbability from the intestinal tract.
